New studies on chromatin fiber morphology, using the tehque of s ig force microscopy (SFM) Micrococcal nuclease (MNase) has been widely used for the study of chromatin structure. It preferentially attacks the linker regions between nucleosomes to give the well-known "ladder" patterns corresponding to DNA fragments which are of multiples of nucleosomal length (1, 2). Usually, however, the enzymatic digestion has been performed under conditions which led to rapid degradation of the fiber. Under such circumstances, subtle effects of fiber structure on the digestion might be obliterated. In an attempt to look for possible differences in the accessibility of the linker DNA in soluble chromatin fibers of different conformation, we have recently performed a systematic study using extremely mild digestion conditions (3). Long chromatin fibers from chicken erythrocytes were brought to different states of compaction by increasing the concentration of monovalent ions. Digestions were performed with extremely low enzyme concentrations, in the absence of added Ca2+ ions. Under such conditions, the "extended" fiber conformations which exist at low salt were readily digested with both soluble and membrane-immobilized MNase, whereas the compact fiber present at high salt proved to be almost refractory to nucleolytic attack. The results were interpreted in the light of the then-existing models ofchromatin fiber structure in solutions of different ionic strengths: open zig-zag, closed zig-zag, and 30-nm fiber.
Micrococcal nuclease (MNase) has been widely used for the study of chromatin structure. It preferentially attacks the linker regions between nucleosomes to give the well-known "ladder" patterns corresponding to DNA fragments which are of multiples of nucleosomal length (1, 2) . Usually, however, the enzymatic digestion has been performed under conditions which led to rapid degradation of the fiber. Under such circumstances, subtle effects of fiber structure on the digestion might be obliterated. In an attempt to look for possible differences in the accessibility of the linker DNA in soluble chromatin fibers of different conformation, we have recently performed a systematic study using extremely mild digestion conditions (3) . Long chromatin fibers from chicken erythrocytes were brought to different states of compaction by increasing the concentration of monovalent ions. Digestions were performed with extremely low enzyme concentrations, in the absence of added Ca2+ ions. Under such conditions, the "extended" fiber conformations which exist at low salt were readily digested with both soluble and membrane-immobilized MNase, whereas the compact fiber present at high salt proved to be almost refractory to nucleolytic attack. The results were interpreted in the light of the then-existing models ofchromatin fiber structure (Fig. 1 ). This information indicates that previous ideas about chromatin structure, particularly at lower ionic strength, need to be reconsidered. Furthermore, our digestion data must be reevaluated in terms of these results.
MATERIALS AND METHODS

Chicken Erythocyte Cr
. Chromatin and mononucleosomes were prepared essentially as described by Yager et al. (4) . To obtain sufficiently long fibers and to reduce the level of residual MNase activity in the final preparation, the amount of enzyme used for solubilization of nuclear chromatin was reduced by a factor of about 500 (3). The final chomatin preparation was dialyzed versus either 10 mM Tris/HC1 (pH 7.5) or 5 mM triethanolamine/HC1 (pH 7.0) as indicated in the figure legends. The minimal length of the fibers was 50-60 nucleosomes (3). When glutaraldehyde fixation was employed, the method used was that of Thoma et al. (5) with some modifications. Chromatin (0.1 mg/ml) in the above buffers, containing 0, 10, or 80 mM NaCl, was fixed with 0.1% (vol/vol) glutaraldehyde overnight at 49C and then dialyzed extensively versus 10 mM Tris/HCI (pH 7.5) and stored on ice. Chromatin depleted ofhistones Hi and H5 was obtained by stripping the linker histones with 0.35 M NaCl in the presence of CM-Sephadex C25 (Pharmacia) (6) .
Digeston with Solable and mobied MNase. Immobilization of MNase (Worthington) on Immobilon membranes (Millipore) has been described (3). The digestion conditions and the quantitative analysis ofthe agarose gels were exactly as described (3) . Partially or totally linearized (EcoRI) plasmid DNAs used for the control digestions were pBR322 or its derivative pML2aG (7) (a gift from F. Rougeon, Institute Pasteur, Paris).
Cleavage ofCh
with Me my EDTA-Fe(H) (MPE). Chromatin preparations were cleaved with MPE as described (8) . Equal volumes of 0.2% MPE and freshly prepared 2 mM ferrous ammonium sulfate were mixed, and 1 ;1 of the mixture was added to 135 1 of chromatin (A260 = 2). At time zero, sodium ascorbate (pH 7.0) was added to 1 mM. Aliquots were removed at the indicated times and the reaction was stopped by the addition ofbathophenanthroline Abbreviations: MNase, micrococcal nuclease; MPE, methidiumpropyl-EDTA-Fe(II); SFM, scanning force microscopy.
tTo whom reprint requests should be addressed.
5277
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
to 5 mM. Electrophoretic analysis of the aliquots was as described (3) .
SFM. SFM images were obtained on a Nanoscope III (Digital Instruments, Santa Barbara, CA) operated in the tapping mode (unpublished work). Glutaraldehyde-fixed fibers were deposited on freshly cleaved mica which had been pretreated with 1 nM spermidine for 5 min, washed with Nanopure water (Barnstead, Dubuque, IA), blotted, and then dried with N2 gas. Spermidine treatment increased the adhesion of fibers to the mica surface. The chromatin samples were incubated on the surface of the mica for 1 min and then washed and dried as above. Purified mononucleosomes were added to some ofthe samples to serve as internal controls for measurements of fiber diameters.
RESULTS AND DISCUSSION
SFM Images of Long Chromatin Fibers. The structure of isolated chromatin fibers as a function of monovalent salt concentration in the medium was studied by using the threedimensional imaging capabilities of SFM, which made it possible to obtain images under conditions much less harsh than those used in conventional electron microscopic techniques. The fibers are likely to retain at least the strongly bound and structurally essential water under the conditions used (room temperature and 30-60% relative humidity). Fig.   1 shows representative images of chromatin fibers that had been fixed with glutaraldehyde before deposition on the solid support. The fixation step was necessary to avoid changing the conformation of the fibers during the abrupt reduction of salt concentration which occurs during the necessary washing with water, following deposition. Glutaraldehyde fixation is known to preserve chromatin structure as it exists during the fixation step, even when the salt present at the time of () 10 fixation is removed afterwards (3, 5, 9, 10) , or when additional salts are added (10) . That glutaraldehyde fixation does not cause any gross artifacts is supported by the observation that images of fixed and unfixed fibers at zero salt were practically indistinguishable (unpublished work). Fig. 1 shows that the chromatin fiber possesses a loose three-dimensional structure even in the absence of added salt. This structure slightly condenses when the concentration of NaCl is raised to 10 mM, with almost no change in the apparent diameter (34 ± 5 nm at zero salt versus 32 ± 5 nm at 10 mM NaCl). A major change, however, occurs when the salt is further raised to 80 mM NaCl. The fiber condenses to a highly compact, irregularly segmented structure, with apparent diameter of 46 ± 6 nm. Experiments using gradually increasing salt concentrations to follow the condensation process more closely show fibers ofintermediate compaction (unpublished data). The segmentation is recognizable already at 20 mM NaCl.
Digestions with Soluble and Membrane-I bi MN. In earlier studies (3) fibers at 0, 10, and 80 mM NaCl were subjected to extremely mild digestion with soluble MNase. To take into account the dependence of the enzymatic activity on the concentration of salt, pure DNA was digested in parallel, under exactly the same conditions. Quantitations of the digestions by scanning the gels showed that the differences in the digestion kietics under the different conditions were only partially due to differences in the enzymatic activity with salt and depended primarily on chromatin structure (for more detailed discussion, see ref.
3).
To completely avoid the complication due to the dependence of the enzymatic activity on the concentration of salt, these experiments were repeated with fibers that were glutarldehyde-fixed at the appropriate salt concentrtion and then dialyzed to remove the salt. The fixed fibers were then SO mM NaCl digested in the absence of salt, so that the digestion kinetics now depended only on the structure of the fiber at the salt concentration at which fixation took place. Also, the use of fixed fibers for both the MNase digestions and the SFM imaging makes the results from both approaches comparable. Digestions offixed fibers gave essentially the same results as digestions of unfixed ones (Fig. 2) . The SFM images ofthe fibers ( Fig. 1) do not usually reveal the location of the linker DNA; this is especially true of the high-salt structure, in which even individual nucleosomes are not discernible, probably because of their extremely close proximity. The linker DNA is clearly inaccessible to the soluble enzyme [3.4 nm in diameter (11)] at 80 mM salt but can be digested at low salt. This could be explained if at low salt the linkers were externally situated or, alternatively, if they were centrally located but accessible through an axial "hole" in a fiber with peripherally located nucleosomes ( Fig.  1; see also ref. 12 ). To discriminate between these two possibilities, we also used MNase immobilized on Immobilon membranes (3). This form of the enzyme should not cut from the interior ofthe fiber but should be able to cleave externally situated linkers. The immobilized enzyme gave essentially the same results as did the soluble one: equally rapid digestion of fibers at 0 and 10 mM salt and no visible digestion at 80 mM (3) . This implies that the linker DNA in the low-ionicstrength 30-nm fibers is organized so that it is easily accessible to digestion from the fiber exterior, whereas in high ionic strength it is not accessible at all. Indeed, the SFM pictures clearly show that the chromatin fibers formed at low ionic strength, while possessing three-dimensional structure, are open and loosely organized. In contrast, the structures formed at 80 mM NaCl are extremely compacted. As noted above, individual nucleosomes can be visualized in the fibers obtained either in the absence ofadded salt orin 10mM NaCl; they cannot be recognized in 80 mM salt (Fig. 1) .
WFE Cleavage. The above experiments suggest that the linker DNA in the loose fibers formed at low ionic strength is accessible from the exterior of the fiber and that the failure of the compacted structure at 80 mM NaCl to be digested is due to drastically reduced accessibility to the nuclease. To definitively determine that the lack of digestion of the compact fiber was due to steric hindrance and not caused by some otherfactors, digestions were repeated with MPE as cleavage agent (13) . MPE has been successfully used in studies of chromatin organization, as it preferentially cleaves DNA in the linker regions, producing patterns similar to those obtained upon MNase digestion (8) . This small molecule (molecular mass, =1000) can penetrate into structures sterically inaccessible to large probes. Indeed, MPE did digest all conformations ofthe fiber with indistinguishable rates. Slowing down the digestion by performing the experiments at lower temperature (Fig. 3) as the large fragments were gradually degraded to somewhat lower molecular mass fragments. Such a gap has, to our knowledge, never been reported before and we attribute its appearance to the extremely mild digestion conditions used. Removal of the linker histones led to blurring ofthe gap (Fig.  4) [e.g., hg-mobility group 1 (HMG1)J present at the most accessible sites.
The results from the SFM and the digestion experiments collectively suggest that even at very low ionic strength, the structure of the chromatin fiber is a loose irregular threedimensional array of nucleosomes, with occasional helical turns and an apparent diameter of about 30 am. The linker DNA in these fibers is readily accessible to enzymatic probes fr-om, the exterior of the fiber. Thus, it is not internalized in the fiber but is rather situated between adjacent nucleosomes. Salt-induced condensation occurs via further folding of the 30-nm fiber to create extremely compact, irregular, segmented structures mn which the linker DNA is no longer accessiible to nuclease attack by even relatively small enzymes but is still accessible to chemical cleavage by small probes.
In general, all fiber conformations are much more irregular that hitherto generally believed. It has to be pointed out, however, that early work from Hamkalo's laboratory (15, 16) suggested a variety of nucleosomal packing conformations and their variable distribution along the length of the chromatin fiber for both the interphase nucleus and the metaphase chromosomes. Similar views about the intrinsic irregularities in the organization of the fiber have recently been expressed by Woodcock and collaborators (17, 18) . In view of these results we feel that attempts to build regular models of chromatin structure should be approached with considerable skepticism and that previous physical and biochemical data should be carefully reexamined.
